This experiment aimed to determine effects of three arbuscular mycorrhizal fungi (AMF), i.e., Rhizophagus irregularis, Rhizophagus intraradices, and Funneliformis mosseae, either singly or their mix inoculation on dry mass, photosynthesis, chlorophyll (Chl) fluorescence, leaf pigment contents, and water-use efficiency (WUE) in Zinnia elegans (var. Magellan Red) plants under different water regimes (WR). The greenhouse experiment was performed under a complete randomized design at four different WR [100% of field capacity (FC) as control, 80, 60, and 40% FC]. Our results suggested that arbuscular mycorrhizal symbiosis protected zinnia plants against WR through improving gas-exchange capacity, higher Chl and carotenoid concentrations, Chl fluorescence, and WUE. Regardless of WR, comparison of colonization percentage demonstrated that the highest colonization was recorded for mixed AMF, while mixed inoculation was not so effective for the growth promotion as the corresponding single inoculation.
Introduction
The world water situation is alarming and seems to become worse in coming years due to global warming, while future demand for rapidly increasing population is likely to aggravate further effects of drought. As many other countries in the Middle East, Iran is also facing the severe problem of drought due to over-extraction of ground water faster than the required rate of replenishing it. It is expected that critical conditions of water resources would have limiting effects on urban landscapes. Considering essential functions and innumerable benefits, which landscape plants provide to enhance the quality of our lives and make urban areas livable, some strategies, such as using drought-resistant plants, increasing wateruse efficiency, and using recycled waste water, must be a priority.
The water stress-induced limitation of plant growth is caused mainly by reductions in plant carbon balance, which depends on the balance between photosynthesis and respiration (Farooq et al. 2009, Signarbieux and Feller 2011) . The effects of drought on photosynthesis can be direct, such as the decreased CO2 availability caused by diffusion limitations through the stomata and the mesophyll or alterations of photosynthetic metabolism, or they can arise as secondary effects, namely oxidative stress , Sharma et al. 2012 . During drought stress, harmful photoproducts, such as superoxide (O2
•-), hydroxyl radical ( . OH), and hydrogen peroxide (H2O2), destroy PSI and PSII and lead to cell death (Shuvalov and Heber 2003) .
Arbuscular mycorrhizal (AM) symbiosis is widely believed to protect host plants from detrimental effects of drought. Improved drought resistance of the mycorrhizal plants could occur due to increased root hydraulic conductivity (Augé et al. 2008) , enhanced water uptake at low soil moisture levels as a result of extraradical hyphae (Fagbola et al. 2001) , osmotic adjustment, which promotes turgor maintenance even at low tissue water potential (Calvo-Polanco et al. 2013) , improved nutritional status and photosynthetic activity (Zhu et al. 2012) .
Zinnia (Zinnia elegans) belongs to the family Compositae (Asteraceae) and is native to Mexico and Central America (Dole and Wilkins 2005) . Zinnia flowers exhibit uniform, bright colors, sturdy stems and have a long vase life. Zinnias are not heavy feeders and as summer progresses they present beautiful mass displays having capacity to grow with a limited water supply and to tolerate high temperatures (Riaz et al. 2013 ) and salinity (Niu et al. 2012) . Therefore, we considered zinnia as an appropriate candidate for use in urban landscaping in arid areas, especially if its drought resistance can be improved. There are some reports showing benefits of mycorrhizal symbiosis to zinnia (Long et al. 2010) .
It has been well established that colonizing ability and growth-promoting effect of different AMF species or even strains are variable for a given plant (Sensoy et al. 2007 , Wang et al. 2014 ; in order to maximize the growthpromoting effect of AMF, more than one AMF species have been inoculated in some experiments (Jansa et al. 2008) .
In the present study, we used isolates of three AMF species, R. irregularis, R. intraradices, and F. mosseae, known to be the most abundant species in natural landscapes and agricultural soils of Rafsanjan. We evaluated the influence of three AMF species (single or in combination) on water stress alleviation in zinnia seedlings (as a potentially drought-tolerant flower plant) grown under different WR. We determined growth, photosynthetic response, leaf Chl fluorescence, water-use efficiency (WUE), leaf Chl and carotenoid (Car) concentrations, and mycorrhizal colonization percentage.
Materials and methods
Inoculum preparation: In our earlier work (not published), soil samples were taken from zinnia rhizosphere at different sites located in Rafsanjan landscapes; spores of AMF were extracted by wet sieving and decanting method (Gerdemann and Nicolson 1963) . Under a dissecting microscope (stereoscopic microscope, SMZ-U, Nikon, Japan), apparently healthy spores were collected, then transferred into 1.5-ml Eppendorf tubes containing sterile double distilled water, and sonicated at 35 kHz for 10-30 s in an ultrasonic cleaner (Sonica 2400 MH S3, Soltec, Italy) (Schwarzott and Schüßler 2001). A single spore was then picked up using pipette tip and placed on the roots of corn (Zea mays) plants. Corn plants were grown in large test tubes partially filled with autoclaved sand for one month. Two months after inoculation, a small fraction of samples showed colonization with AMF and was used as pure isolates for molecular identification. DNA was extracted from single spore of AMF pure isolates (Sasvári et al. 2012 ) and a partial region on 18S rDNA was amplified using nested PCR with AM fungal specific primers AML1/ AML2 (Lee et al. 2008) . A total of 40 individual sequences were analyzed for phylogenetic analysis (Krüger et al. 2012) and three groups of AM fungi were identified using both morphological and molecular data of spores, R. irregularis (Blaszk., Wubet, Renker and Buscot), R. intraradices (N.C.Schenck and G.S. Sm.), and F. mosseae (T.H. Nicolson and Gerd.) (Fig. 1S, supplement) . The genomes of these three isolates were deposited in GenBank under the accession numbers MF679647, MF679648, and MF679649, respectively. Soil containing the spores of these isolates was the source of inoculum for the present experiment.
Plant material and growing conditions: Zinnia seeds (Z. elegans var. Magellan Red) were sown in 50 × 80 cm trays filled with autoclaved vermiculite-perlite (1:1, v/v). Plantlets were allowed to grow for 28 d (four-trueleaf stage) in a growth chamber. Then, the plants were transferred to 1.2-kg plastic pots filled with autoclaved sand and soil mixture (1:2, v/v) [83.6% sand, 12.3% silt, 4.1% clay, pH 7.6, 0.37% organic matter, 21.5 mg(P) kg −1 (soil), 120 mg(K) kg −1 (soil), 2.4 µg(Fe) g , and cation exchange capacity of 1.7 dS m −1 ]. In each pot, one kg of substrate was used for one seedling transplanted. Plants were inoculated with three single AMF species (210 spores per pot), and a mixed combination of them (70 spores of each one) (+M). The same amount of autoclaved inocula was also mixed into every control pot (-M). Plants were grown for 50 d and during this time irrigated every day up to field capacity (FC); the same amount of full-strength Hoagland's (-P) solution was used once per week.
Drought-stress conditions:
Fungal colonization was assessed on cleared and stained roots samples (as described below) 60 d after the inoculation process and before the drought-stress treatment to check the presence or absence of mycorrhiza. After root colonization period, WR (100, 80, 60, and 40% of FC; FC100, FC80, FC60, FC40, respectively) were applied during 21 d. The FC was determined by the gravimetric method, which is based on the difference between the wet soil after saturation and free drainage, and the mass of the dry soil. To keep each WR level, soil water contents were determined daily by weighing the pots and water was added at the time of weighing to maintain the predetermined water content in each pot.
During the experiment, the maximum temperature was 28 ± 2°C, the minimum temperature was 18 ± 2°C, and the relative humidity was 65 ± 5% with natural light (without additional artificial light), the average PAR measured at noon ranged from 916 to 1,760 µmol(photon) m -2 s -1
.
Frequency of AM colonization and plant growth: AM colonization was assessed after clearing washed roots with 10% KOH for 3 d at room temperature and staining with Trypan blue (Phillips and Hayman 1970) . After staining, AM colonization was determined in about 100 root segments by the gridline intersect method (Giovannetti and Mosse 1980) . After harvest, shoots and roots were dried at 65°C for 72 h to constant mass to determine the biomass. Roots used to determine AM colonization were dried, weighed, and added to the total.
Gas-exchange parameters were determined on the third fully expanded leaves between 10:00-12:00 h by using an infrared gas analyzer (IRGA) portable photosynthetic ) and the observations were recorded when RH and atmospheric CO2 concentration (Ca) reached a stable value. The PAR was 1,250 ± 100 µmol(photon) m -2 s -1 , CO2 concentration in the chamber was 395 ± 10 µmol(CO2) mol -1 , the temperature set in the chamber was 32 ± 2°C, and the relative humidity was 55 ± 1%. Water-use efficiency (WUEi) was calculated as PN/E.
Chl a fluorescence kinetics were measured on the same leaves used for gas-exchange measurements by a plant efficiency analyzer (Pocket PEA, Hansatech Ltd, King's Lynn, Norfolk, UK). All the samples were covered with clips, kept in dark for 30 min before fluorescence measurements. The transients were induced by red light of 3,500 µmol(photon) m -2 s -1 provided by single LED with a peak wavelength of 627 nm. The fast fluorescence kinetics (F0 to Fm) was recorded during 10 µs to 1 s and maximal quantum yield of PSII (Fv/Fm) was calculated as:
Pigments analysis: A sample of 0.2 g of leaf tissue was ground in 10 mL of chilled 80% acetone. The extract was centrifuged at 10,000 rpm at 4°C for 10 min, and the supernatants retained. The absorbance of the supernatant was recorded at 470, 646, and 663 nm. The amounts of Chl a, b, and Chl (a+b) and total Car were calculated as described by Lichtenthaler (1987) . All the spectrophotometric assays were carried out using a spectrophotometer (T80 UV/VIS spectrometer, PG Instruments Ltd., UK).
Water-use efficiency of productivity (WUEp) [mg(DM) ml -1 (H2O)] was calculated as the ratio of dry matter produced to the water consumed during the period of the experiment. Total dry matter (DM) was taken after 72 h at 65°C. Water quantity was measured as the volume of water consumed for the experiment.
Statistical analysis:
The experiment was a completely randomized design with six replicates and factorial combination of four WR levels (100, 80, 60, and 40% FC) and five mycorrhizal treatments [without inoculation as control, R. irregularis (Blaszk., Wubet, Renker and Buscot), R. intraradices (N.C. Schenck and G.S. Sm.), F. mosseae (T.H. Nicolson and Gerd.), and their mixture]. Statistical difference between the means of various groups was analyzed using two-way analysis of variance (ANOVA) followed by Tukey's HSD tests. Results are presented as means ± standard error (SE). Value of P<0.05 was used as the criterion of significance. Calculations were made with computer assisted analysis using the SAS program version 9.1 (SAS Inc., Cary, NC, USA) software. The relationship between variables was tested with Pearson's correlation coefficients.
Results
None of the zinnia seedlings that received the -M treatment was colonized during the whole experiment (Table 1 ; Fig. 1A ,B). The frequency of AM colonization was high ranging from 98% in the mix treatment under FC100 to 68% in R. intraradices under FC40. Regardless of WR, the mix treatment showed the highest colonization percentage, while other AM treatments were not significantly different (Table 1, Fig. 1C-H) . In all AM treatments, colonization decreased at FC40 except for F. mosseae, which remained unchanged.
In -M plants, WR levels had no significant effect on shoot (SDM) and root (RDM) dry mass (Table 1) . After the AM treatments, SDM and RDM were reduced just at FC60 and FC40 with the mix treatment. However, the severely water-stressed +M plants were comparable to well-watered control (-M) plants (Table 1 ). In general, RDM was not affected by any of drought or mycorrhizal treatments (Table 1) .
Gas-exchange parameters were measured 21 d after the imposition of WR. A significant decrease of PN between FC100 and FC40 (around 47-97% with respect to corresponding control) was found between different AM treatments (Table 2 ). However, as it was expected, the reduction of PN in -M plants was much greater than that of the other +M plants. Plants inoculated with F. mosseae showed the highest resistance to drought based on photosynthetic activity ( Table 2 ). The reduction of PN in F. mosseae-treated plants at FC80, FC60, and FC40 was about 6.5, 37, and 47%, respectively, in comparison with control FC100, whereas in -M treatment, the same WR levels caused 55, 90, and 97% reduction, respectively, in PN in comparison with FC100 ( Table 2 ). The +M plants had significantly greater gs than -M plants at FC100 and FC80 but no significant variation was observed at higher stress levels ( Table 2 ). In -M plants, WR had no significant effect on gs, while in +M plants (F. mosseae and mixed treatments), the increase in drought intensity resulted in a significant reduction of gs ( Table 2) . Regardless of +M treatments, WR reduced E only at FC40 and significantly increased Ci at FC60 and FC40. All +M treatments significantly increased E compared with control (-M), while Ci declined as the effect of mycorrhization ( Table 2 ). The +M seedlings had higher WUEi than -M seedlings under all WR levels. The reduction of WUEi between FC100 and FC40 was about 97, 74, 81, 57, and 49% for -M (control), R. irregularis, R. intraradices, F. mosseae, and their mixture, respectively (Table 2) .
In the present study, the basic fluorescence (F0) of the +M plants was lower than that of -M plants. F0 was almost unaffected by WR levels ( Table 3 ). The +M plants had markedly higher maximal fluorescence (Fm) and variable fluorescence (Fv) than that of the -M plants regardless of water treatments. WR decreased Fm and Fv at all WR levels in comparison with control, while there was no significant difference between them. In our experiment, different WR had no significant effect on PIABS except that with F. mosseae but the effect of mycorrhization on the parameter was prominent. Fig. 2 shows the maximum quantum yield of PSII photochemistry (Fv/Fm ratio) at different +M treatments compared with the -M plants. It was observed that R. irregularis-inoculated plants had the highest Fv/Fm ratio and there was no significant difference between the other +M treatments, while all +M treatments were superior to -M. Fig. 3 depicts the influence of WR on photochemical efficiency (Fv/Fm) of zinnia plants. WR at the levels of FC60 and FC40 could reduce this parameter in comparison with control. At the same time, the parameter Fv/F0 (the maximum energy transformation potential of PSII photochemistry) was also higher in the +M plants.
Chl a and total Chl (a+b) of zinnia leaves increased significantly in AM-mixed treatment at FC100 and FC80 in comparison with respective control, while under the highest levels of WR, no significant difference was found. Regardless of mycorrhiza, WR decreased pigments at FC60 and FC40 (Table 4) . Leaf Car content remained unchanged under different mycorrhizal and WR treatments (Table 4) .
Discussion
The colonization of the zinnia roots by all AM treatments was high and only the highest level of WR could reduce it with R. intraradices (Table 1) . Negative effects of WR on mycorrhizal colonization have been reported by many researchers (Fagbola et al. 2001 , Amiri et al. 2015 . A marginal effect of drought in this study might occur due to insufficient drought exposure duration because the rate of colonization had already reached a certain extent before the WR treatments was imposed. It seems that once the level of mycorrhizal colonization reached a certain extent it was not easy to affect it by a short-term stress.
Although +M zinnia seedlings accumulated more biomass under WR as well as well-watered conditions compared to the -M plants, drought had a marginal effect on RDM. Furthermore, biomass accumulation of the -M and +M plants was not affected by any of WR levels (except that with the mixed treatment). The reason might be that biomass accumulation is a long-term process for plants, thus, the short-term drought period may not greatly influence the biomass.
Photosynthesis is one of the most important processes in higher plants that is directly linked to plant biomass production and is very sensitive to water stress (Mo et al. 2016) . Based on our results, although increase in photosynthesis almost invariably enhanced the dry mass production (Table 1) , the growth response was numerically much smaller than that of photosynthetic enhancement. This discrepancy occurs probably due to enhanced carbohydrate availability exceeding the plant (Table 2 ). These findings are in good agreement with previous studies (Bagheri et al. 2011 , Porcel et al. 2015 . It has been suggested that the drought-induced suppression of photosynthesis could be generally attributed to stomatal limitation and/or nonstomatal/metabolic limitations. Some researchers agree that the stomatal closure and resulting CO2 deficit is the main cause of decreased photosynthesis under mild and moderate WR (Flexas and Medrano 2002) , while some other believe that gs only affects PN at severe WR (Chaves and Oliveira 2004) . The linear correlation between PN and gs showed that although the correlation between PN and gs decreased with increasing WR intensity, it was still significant under FC40 (r = 0.55) which indicated that reduction in PN under severe WR conditions was regulated mostly by stomatal factors ( (Kaya et al. 2003) showing +M plants more successful in terms of dry matter production and water use than the -M plants. PSII complex is the most sensitive component of the electron transport chain to environmental stresses. Several studies have demonstrated damage to the PSII oxygenevolving complex and the PSII reaction centers, and in turn, degradation of D1 protein under drought stress (Maxwell and Johnson 2000) . Our results showed that irrespective of +M treatments, WR induced a reduction in Fm, Fv, Fv/Fm, Fv/F0, and PIABS, while it had no significant effect on F0. The reduction was relatively higher in proportion to drought intensity. On the other hand, in most of WR levels, +M zinnia plants showed higher Fv/Fm, Fv/F0, Fv, Fm, PIABS and lower F0 than that of -M zinnias. This indicates that an AM symbiotic relationship can enhance the efficiency of excitation energy capture by chloroplasts and increase the photochemical capacity of PSII. Increments in F0 values associated with reductions in Fm values can be interpreted as an indication of the damage in the light-harvesting complex of PSII (Li et al. 2010) , as observed in the present study in the case of -M plants. As the effect of drought, Fv/Fm decreased at FC60 and FC40. Fv/Fm in all +M zinnia plants was higher than that in -M plants regardless of WR treatments (Sheng et al. 2008 , Zhu et al. 2012 . Photoinhibition is indicated by decreasing Fv/Fm ratio (Piper et al. 2007) . Declines of the Fv/Fm ratio may be a result of Calvin cycle disturbances, which delay redoxidation of QA -and induce PSII downregulation, or damage of thylakoid membrane electron transport (Gallé et al. 2002) . We studied the correlations between photosynthesis and the Fv/Fm ratio in zinnia seedlings. There were significant correlations between the CO2 assimilation rate and the Fv/Fm ratio at all WR levels (Table 5) . At the same time, the parameter Fv/F0 was also higher in +M plants. The Fv/F0 ratio is a very sensitive indicator of the potential photosynthetic activity, in both stressed and healthy plants (Maxwell and Johnson 2000) . These results indicated that AM symbioses might improve photochemical efficiency of PSII under well-watered and drought conditions. PIABS reflects the functionality of both PSI and PSII and gives us quantitative information on the current state of plant performance under stress conditions. Many authors confirm that plant's first reaction to water stress is an increase in photosynthetic efficiency parameters and thus performance index as well (Kovačević et al. 2013) . In our experiment, Fv/Fm better reflected expected changes in leaf photosynthetic performance under different WR levels whereas no correlation was found between PN and PIABS in FC40 (Table 5) .
Drought has a significant effect on Chl contents, especially Chl a. Its decrease has been explained by some authors as a photoprotection mechanism through reducing light absorbance (Abid et al. 2016) . On the other hand, Chl concentration has been known as as an index for evaluation of leaf photosynthesis (Zobayed et al. 2005) , therefore a decrease of parameter can be considered as a nonstomatal limiting factor under WR conditions. In this experiment, WR reduced Chl concentration at FC60 and FC40 and there was no correlation between PN and Chl contents at these levels of WR (Table 5) showing other factors are responsible for decreasing PN under severe WR in zinnia plants. Our results showed that irrespective of WR, +M zinnia plants had the higher Chl content (a, b, a+b) , which supports previous findings that AMF inoculation enhances the Chl content of their host plant (Sannazzaro et al. 2004 , Colla et al. 2008 , Mo et al. 2016 ) and so induces drought Table 3 . Chlorophyll (Chl) fluorescence parameters of zinnia plants inoculated with different arbuscular mycorrhizal (AM) treatments and subjected to different water regime (WR) levels. Data are mean ± SE (n = 6). Different small letters indicate significant differences (p<0.05). F0 -minimal fluorescence yield in the dark-adapted state; FC -field capacity; Fm -maximal fluorescence yield in the dark-adapted state; Fv -variable fluorescence; FV/F0 -the maximum energy transformation potential of PSII photochemistry; PIABSperformance index. * -significant (P<0.05); ** -significant (P<0.01); ns -not significant. tolerance.
AM
In this comparative study, three fungal species were studied as single or in combination for their ability to enhance the drought tolerance of zinnia plants. The ranking of AMF effects on drought tolerance, based on the decreases in SDW, was as follows: F. mosseae > R. intraradices > R. irregularis > AMF mixture. As it is evident, the mixed inoculation did not enhance growth-promotion effects although it had the highest rate of colonization (Table 1) . Therefore, the promoting effects of the mycorrhizal isolates were not associated with their colonizing ability. This result might be explained by a possibility that one of the inoculated species was not effective for the plant. Some reports indicated that maximum benefits to plants might be achieved with a single, the most efficient AMF species; thus, mycorrhizal diversity would not bring further benefits (Edathil et al. 1996) . Furthermore, high effectiveness of F. mosseae in this experiment was in accordance with previous work 
